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Robert E. Hiromao

Computer Research & Applicauans
Los Alsmos Nananal Labomiory
Los Alamos, NM 87545 US.A,

INTRODUCTION

The design and validation of parallel algonthms is a rewarding and satis-
fying experience onae the implememtation has boen completed and
debugged. L1 ic Unis laner wsk which can be extremely frustranng when
deaaling xith a genenal purposc mulaple mstructuon multpie data (MIMD)
camputer synar. Emon in expresting parallel consuucu give rise 10
unpredicable execution behavior, affecting both the resuhing answer and
the sanity of the programmer.

The noton of a high-level paralle] programming language that insulates
the programmer fram the perils of asynchronous bugs and booby traps has
been the goal of many rescarchers m the funaional language commumry.
In the lan few yean, ngmficant progress has boen made in this area.
Language and compilation rescarch has resulled in several very powerful,
inherenty panillel progrenming languages. Notable among these 1 1d,
the work of Prof. Arvind's Compuation Suuaures Group st MIT. 14 has
s functional and deterministic subser, yet i3 a completely general pupose
language supporung synchroruzmng dawa suucures, and side-effecu
Compilatbon research i also being camed out &t Yale Univernty, Chal-
mers University of Technology, and the functonal programutung group at
the Univermty of Glagow.

Up unul now few datafiow computer sysiems have been developed for
wide ute. One of the firn was designed and buill st the Universiry of
Manchester. This propct resulied in idenufying many imporant archiiec-
wra) issues in tha design of suppon hardware for the dawflow eaecution
model. The Manchenar group used the purely funaional, sincy single
ungnment language SISAL for writing their sapplicatons and produced a
compiler genersung highly efficent dawsflow code for thus language. A
stmuar danflow project was ini‘ated al the Elecuro-Technical Laboratory
(ETL) in Tsukuba, Japan. Here a large dsiaflow rysiem with |28 procass-
ing elamenus wan designed and built. Unfortunately the lack of program-
ming safiwan has prevented the rysiam from baing fully esed on sub-
stantal spplication codss. Sull from these and other oxpenences, a8 mul-
Ulvesded execunan model with in the frame work of dmaflow has
amerged and has many researchers vary hopeful of its success. Today
severa] ressarch groups are senously invaolved with building prowtypes of
these muluithreaded archilectures (e.g., Sandia Neuonal Labomiones'’
(Albuquerque, New Maxico) Epsilon-2, Motorola and MIT's Monsoon,
[BM s Empares, and ETL's EM 4).

We are now ot § very exciting moment whan language, compiler wchnol-
ogy. and hardware are quickly maiuring and becoming readily available
for use. This moment also offers w the imporani apportaruly 1o cnb-
cally assans Uv advanages daimed by funcuonal language and dauafiow
sdvocaiss.

Our approach is Lo rudy the performance of a collection of numencal
agonthms wnaen n Id which u avulable 10 wen of Maorola's
dataflow machune Manroon. We will sudy the dataflow performanoe of
thess mplamenuations it under the panalle]l profiing smulator 1d
World, and secand in comparison with actual daiaflow exscution an the
Matorols Mansoon. This spprosch will allow w w0 follow the computa-
uonal and suructural detnils of Wthe parallel dgonthms as impiemenied on
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dataflow systems. When nmmning our programs on the Id World simulaior
we will examine the behaviour of algorithms at datafiow _raph level,
where each mstruction akes one umestep and dats becomes available a1
the next This implies tha Znporant machine level phenomena such as
the effect that global commurication time may have an the compuualion
are not addressed. These phenomena will be addressed when we run our
programs on the Mansoon hardware. Potenual amificatians for compila-
ton lechniques, funcuional programming style, and program efficiency are
significant to this study. In a later stage of cur research we will compare
the efficency of Id programs w programs written in ather languages.
This companson will be of a rather qualitalive namire as there are 10O
many degrees of needom in a language impiementation (on language,
campiler, and target machine level) for a quanulatve companison 1o be of
intereL

We begin cur study by exarmuning four routines that exhibit different
caomputauonal charsclensucs. These rouunes and their corresponding
chanciensucs are Lisied below:

(1) Fast Fourier Transforms (FFT)
o compuaiiomal parallaiism

o daia dapendances between the buterfly thuflles

(2) Adaptve Quadratures

o dynamic unroiling of recwrsively adaptive grid refinsments
(3) Elgeavalue/vector Solvers

® applicalion of cyclic rorations (iacremenial array updaias)
(4)  Stochastk Simulations

® daw eccuwnulaion

Details of cur implementation and performance analysis will be presented
during the sessian’t presenwuan. For economy, we chose 1o deschbe
only one of the four routines thal have been analyzed al this tme.

FFT

A fast fourier vnnsform (FFT) routine was wnuen m Id by J. Michael
Ashley, s former summer sdent at Los Alamos Natonal Laborsory.
The FFT eahibis both divide and conquer and loop parallelism. The
relovant |d program segmenu are:

Def Main_ffi Size of_V =

(Cu{ amay(1,Su2e_of_V)|[i) = Cmplx (i®1.0)0.0
Wj< 1ioSize_of V!,

InFFTC ),

Del FFTVa { (_Size_of_V)sbounds V;
In (if (Size_of_V == 1) then V
else
{(LeA_V, Right_V) = Sauffie V; FFT L.« FFT Lef_V ;
FFT_R = FFT Right_V ; Mid = fAx (Size_of_V /2),
X =Two_Pi/Size _of_V
Coaff = { array (1, Mid)

I{i) = Cmplx (cos (X * /i-1)) (-mn (X * (1 1))
Ji< 110 Mid J;

Prod = { armay (1, Mid) |{i) = Cmpix_Mul Coeffli) I1°T_R[i)
Fi<-TwoMid), ),

In { array (1, Size _of _V)
| 1) = Cmpla_Add FFT_1.{i] Prodl1] Il <- | wo Mid
[ (Mid+i] = Cmpla_Sub FET_LLT Prodli i€ 1w Mid ) ) ),



Shuffle V = [ (_, Size_of_V) = bounds V ; Mid = fix (Size_of_V/2);
In ({ amay (1, Mid) | [i} = V[(i*2)-1] N i <- 1 o Mid );
{ amay (1, Mid) | [il = V{i*2) li<-1w0Mid }) } ;

Note that in FFT a recursive mvocation of FFT is applied to Left_V and
Right_V (the odd and even elements of V, respectively) untl the butterfly
shuffie an V has been completed. The array element daws dependences
oocumng in the recombination of smaller results ino larger ones are
expressed in three array comprehensians defining the values of Lthe armays
Coeff, Prod, and the resuk of FFT. Rumning the above program under the
1d world simulator for a Size_of_V of 128 gives us the follcwing parailel-
ism profile:
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Rg. 1. Parallelism profile of FFT 128.

ANALYSIS

The simulator sssumes that each inetruction akes one timestap and that
the results of an instructian execution are svailable the next tmestep.
Tus approvimation leads 10 an wdealised graph interpretstion in which
maxnimally paralle! exscution proceeds alang a critical path via a sequence
of indivitible timeneps. The graph m figure | plou the number of
mirucuons executed at sach timestep, and consequently pictures the ideal
parallelism profile of FFT 128.

When sudying Fig. |, we observe the fallowing. Fimn there is eaplotive
divide and conquer parallelism (A), followed by (B) a streich of low
paralielism. A second less nignificam burst of parullelism (C) follows
which dies down 10 an almost sequential il (D). For larger problams the
two sequenual siretches (B and D) are observed 10 dominate more and
more. The parallelism profile drawn in Fig. 1 is very disappoiniing since
the cunpuauonal parallelism is known o be very large. To begin 10
understand this, we know that the FFT program takes Olog(n)) parallel
naps 0 unfold all FFT and Shuffle funciions. This acoounts for the Am
burst (A) of the divide and conquser parallelism. Once the functions have
besn unfolded, the loops (armey comprehent: ne) diciaes the parslleliom
snd consequenty the spead of thy computaiion. In the im insunce the
dominant loop is the army comprehension in the main funcian creating
the oniginal function values 1o bs trensformed.

Since s considersbls amount of work may go into the activation of a
loop-budy, & loop analysis is performed an two nmple loops:

DefWWnme{te0, tu(;
In (while (s <cn)doneiawa ¢ |;nexirsr e Wm; finally r} },

where

Def Wnm (8.0
In {while (s <n)donaate =g+ |; Anally ) )

Through an anuysu of these two loops, 1t 19 found that WW (s doubly
nested loop) res,uites Ave (5) stepm an the ennical path W inanuste each

nner loup-body, that 15, every five parallel sepe & new mn2r boop 1
spawned of[. As the mney loup bodies are shewed on Lp of each ather,

the number of them that run in parallel is equal 10 the critical path
required 10 execule an inner loop divided by the rate m which the loop can
spawn off the next imer loop. Figure 2 sketches a parallelism profile for
WW 64 20:
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Fig. 2. Panllelism Profile for a nested loop.

Clearly, the loop rate plays an omportant role in the parallelism of a pro-
gnm. Phase B in Fig. 1 show this loop behavior where the dominant
loop is the armay comprehention in the main function creating the oniginal
function values 1o be vransformed. Once every S parallel neps an amy
clement is crested and sent through the log(n) suages of the FFT.

The completion of the FFT is dependent an the loop mie and the creation
of the last two elaments of the original armsy. When the lan two elements
go into the FFT (phase (C) in Fig. 1), the remaining stages of the compu-
watans can be dane with divide and conquer parallelism.

The last sequential tail ( phase (D) figure 1) is caused by the amy
comprehension in FFT that generutes the resulling aray.

SOLUTION

The soluticn Lo this problem is W unroll loops fast encugh so that they
dan’t cawse unnccessary delay. This has been recognized by a number of
datafiow 1eams, who inventad special insuructions (very similar o vector
instruclions) w rapidly create parallel worklosd especially in loops (ilera-
tive instructions, repest mechanism). [d does not have this type of instruc-
tons, but it is still possible, although st a contirably higher cost, 10 create
arrey elaments o & higher rate in a nested loop. Take the following army
camprehensioni:

DefAn = {amy(),n)|(ilmillic-lton}):
Def Abnu= { amay (I, n)|li)millj~- lwonby 16 & i<-jwje15);

Some statistics:

A n 51 Sinf | Ab n Sl Sinf

16 223 101 16 277 118
32 I 181 32 34 12)
o4 7% 341 o4 958 13
%6 2863 1301 236 1682 198

In the above Lable, 51 stands for the number of inructions executed
and Sinf stands for the woual critical pathiength. Whare amay

slements are created m the loop rme (5) in A, they are created at &

raie of 16 slements 1n 5 parullel steps in Ab (ie., an element
production rate of 16/5). This comes sl the cost of higher S1 figures.
This trick can be employed 1o make all luops in the FFT program go at
8 higher slement producuan rate. Applying this idea 1o Main _ffi, we
have:

Def Matn_ff Size_of_V =

{Cm{array(l,Siza_of _V)|[1))aCmplx 1 *10)00
f)<c-lwnzeby l6h 1< )wyeld ),

InFFTC),

To apply this wchriaue 10 FFT, requires keeping track of the shrinking
vecwr lengths  The application of this techniyue W the array Coeff in
FET resulu in:



if Mid > 16 then

{ Coeff = { amay(1, Mid)
} {i] = Cmplx (cos (X * (i-1))) (-sin (X * (i-1)))
Hj<-lwMidby 16 &i<-jloj+15);

In { amay (1, Size_of_V)

| {i} = Add_e FFT_L}i) Prod(i]
lj<-1woMidby 16 &i<-jloj+15) )

else

{ Coeff = ( army(l, Mid)
i li} = Cenplx (cos (X * (i-1))) (-sin (X ® (i-1)))
llic-1woMid ) ;

In { armay (1, Size_of_V)
1{i}] = Add_c FFti_L{i]Prod(i]}ji<-1toMid }}}

Ius parallelism profile is shown in Fig. 3.
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Fig. 3. Parallelism of unrolled loops in FFT 128.

The critical pathlength is about 30 percent of that of the original program,
and the two ugly sequential stretiches B and D have disappeared. Now the
parallelism of the program is satisfactory.

It tums owt that the array comprehensions are rather inefficiently imple-
mented in Id. In the talk we will address the efficiency issue in some
detail,



